**Research Highlights**

\(1\) We investigated the effects of acute endurance exercise and chronic exercise at low intensity on lead acetate-induced neurotoxicity and oxidative stress.

\(2\) Acute endurance exercise was associated with lower induction of brain-derived neurotrophic factor in the hippocampus of rats exposed to lead acetate compared with chronic exercise.

\(3\) Chronic exercise increased total antioxidant capacity, but acute exercise had no effect.

\(4\) Chronic exercise greatly decreased the plasma level of malondialdehyde, while acute endurance exercise had no such effect.

\(5\) Exercise training can improve brain resistance to neurodegenerative diseases induced by air pollutants.

INTRODUCTION {#sec1-1}
============

Human exposure to environmental lead is a public health problem of global proportion\[[@ref1]\]. It is recognized as a dangerous neurotoxin, even at low levels of exposure\[[@ref2]\], and time-series analyses show that risks are likely to increase with longer exposures\[[@ref3]\]. The central nervous system has been recognized as a primary target for lead-induced toxicity. There is evidence showing that lead readily crosses the blood brain barrier and, in adult rats, enters the brain with rapid kinetics\[[@ref4]\] and induces several brain alterations leading to encephalopathy, cellular damage, and reduced axonal and dendritic development. In addition, lead exposure during development impairs neuronal function\[[@ref2]\], and potentially induces oxidative stress\[[@ref5]\] in different brain regions, particularly in the hippocampus and cerebral cortex, which have been found to be more vulnerable to lead-induced neurotoxicity\[[@ref6][@ref7]\]. Evidence is accumulating that supports the role of oxidative stress in the pathophysiology of lead toxicity\[[@ref5]\].

A previous study has shown that molecules typically implicated in synaptic plasticity such as brain-derived neurotrophic factor, are affected by cellular energy metabolism\[[@ref8]\]. New findings indicate that the interaction between oxidative stress and brain-derived neurotrophic factor can affect neuronal plasticity. These studies indicate that elevated reactive oxygen species level decreases brain-derived neurotrophic factor-mediated synaptic plasticity\[[@ref8]\]. The influence of environmental factors on the brain is manifested by their ability to promote adaptive changes using principles in common with hormesis\[[@ref8]\].

There is accumulating evidence that exercise can promote brain health and function by protecting neurons and improving neuronal plasticity\[[@ref9]\]. The capacity of physical activity to maintain and compensate for deterioration of neural function is becoming increasingly recognized\[[@ref10]\]. Exercise may promote antioxidant defenses that could attenuate central nervous system vulnerability to neuronal degeneration\[[@ref11]\]. In addition, it has been suggested that physical exercise modulates cognitive functions through various signaling mechanisms that lead to brain-derived neurotrophic factor up-regulation, especially in the hippocampus, a major hub for learning and memory\[[@ref12][@ref13][@ref14]\]. Brain-derived neurotrophic factor is important for cell survival in neurogenesis studies and has been thought to play an important role in antidepressant action\[[@ref14]\]. These observations, together with evidence that it is a powerful modifier of neuronal excitability and synaptic transmission\[[@ref15][@ref16][@ref17]\], suggest that brain-derived neurotrophic factor is a crucial effecter of experience-dependent plasticity\[[@ref18]\].

How an exercise-induced elevation of selected trophic factors can modulate crucial aspects of neural cellular plasticity, however, remains unknown. Previous studies in animals have demonstrated that acute and chronic exercise lead to an increase in brain-derived neurotrophic factor in various brain regions\[[@ref11]\]. However, exercise-induced increases in brain-derived neurotrophic factorare transient\[[@ref19]\]. Thus, prolonged reduction in serum brain-derived neurotrophic factor in patients with affective disorder is most likely associated with other factors, in addition to whatever transient effect one sees after physical exertion\[[@ref20][@ref21]\].

In contrast, there have been many reports showing that exercise causes oxidative stress, free radical generation, increases in oxidative damage biomarkers such as thiobarbituric acid reactive substances, effects on mitochondrial function, and decreases in levels of antioxidants in the brain\[[@ref22]\]. However, Navarro *et al*\[[@ref23]\] found lower thiobarbituric acid reactive substance levels in brain samples from mice after 24-week running exercise period, and Liu *et al*\[[@ref22]\] demonstrated that there was a significant decrease in all brain homogenate and mitochondrial malondialdehyde levels and no change in brain DNA damage indicators after an 8-week running exercise period. The decrease in mitochondrial malondialdehyde levels was interpreted as a favorable effect of chronic exercise. Thus far, the evidence for tissue oxidative stress and damage due to exercise remains incomplete because of the complexity of exercise models\[[@ref22]\].

A standing question for planning the design of studies using the therapeutic potential of exercise is whether exercise provided for a short period can have the same benefit as long-term exercise and also whether chronic and acute exercise show different effects on oxidative stress in the brain. To resolve these questions, in this study, we investigated the separate and combined effects of chronic and acute treadmill running protocols on hippocampal brain-derived neurotrophic factor levels in rats exposed to lead acetate. Additionally, we examined thiobarbituric acid reactive substances, as an indicator of lipid peroxidation, and total antioxidant capacity levels to assess the effects of two types of exercise on lead-induced neurotoxicity.

RESULTS {#sec1-2}
=======

Quantitative analysis of animals {#sec2-1}
--------------------------------

Forty rats were equally randomized into five groups: a lead acetate group (animals received an intraperitoneal injection of lead acetate), a chronic exercise training group (in addition to lead acetate exposure, rats were subjected to progressive running exercise, 5 successive days per week for a total of 8 weeks), a acute endurance exercise group (in addition to lead acetate exposure, rats were made to run on the treadmill until exhaustion), a chronic exercise training + acute endurance exercise group, and a sham group (rats received water and ethyl oleate administration). All 40 rats were suitable for final analysis.

Neurotoxicity of lead acetate {#sec2-2}
-----------------------------

As shown in [Table 1](#T1){ref-type="table"}, after administration of 20 mg/kg lead acetate, body mass and brain mass decreased in the lead acetate group compared with the sham group. There was no significant effect of training protocols on brain mass/body mass ratio in the sham group compared with the lead acetate group. Additionally, administration of lead at a concentration of 20 mg/kg for 8 weeks resulted in a non-significant decrease in hippocampal brain-derived neurotrophic factor level (14%) and a significant decrease in plasma total antioxidant capacity (27%), compared with the sham group. In contrast, administration of lead acetate (20 mg/kg) was associated with an increase in hippocampal and plasma level of mitochondrial malondialdehyde, by 59% and 72%, respectively, compared with the sham group (Figures [1](#F1){ref-type="fig"}--[4](#F4){ref-type="fig"}).

###### 

Effects of 8-week training and acute exercise protocols on body mass and brain mass in rats chronically exposed to lead acetate

![](NRR-8-714-g001)

![Effects of chronic and acute treadmill exercise on hippocampal brain-derived neurotrophic factor (BDNF) levels in rats exposed to lead acetate.\
The data in the left diagram are expressed as the percentage of hippocampal BDNF levels in lead acetate, chronic or/and acute exercise groups relative to the sham group. The data in the right diagram are expressed as the percentage of hippocampal BDNF levels in chronic or/and acute exercise, and sham groups relative to the lead acetate group. ^a^*P* \< 0.05 (one-way analysis of variance).](NRR-8-714-g002){#F1}

![Effects of chronic and acute treadmill exercise on plasma total antioxidant capacity (TAC) in rats exposed to lead acetate.\
The data in the left diagram are expressed as the percentage of plasma TAC levels in lead acetate, chronic or/and acute exercise groups relative to the sham group. The data in the right diagram are expressed as the percentage of plasma TAC levels in the chronic or/and acute exercise, and sham groups relative to the lead acetate group. ^a^*P* \< 0.05 (one-way analysis of variance).](NRR-8-714-g003){#F2}

![Effects of chronic and acute treadmill exercise on hippocampal malondialdehyde (MDA) content in rats exposed to lead acetate.\
The data in the left diagram are expressed as the percentage of hippocampal MDA content in lead acetate, chronic or/and acute exercise groups relative to the sham group. The data in the right diagram are expressed as the percentage of hippocampal MDA content in chronic or/and acute exercise, and sham groups relative to the lead acetate group. ^a^*P* \< 0.05 (one-way analysis of variance).](NRR-8-714-g004){#F3}

![Effects of chronic and acute treadmill exercise on plasma malondialdehyde (MDA) in rats exposed to lead acetate.\
The data in the left diagram are expressed as the percentage of plasma MDA content in lead acetate, chronic or/and acute exercise groups relative to the sham group. The data in the right diagram are expressed as the percentage of plasma MDA content in chronic or/and acute exercise, and sham groups relative to the lead acetate group. ^a^*P* \< 0.05 (one-way analysis of variance).](NRR-8-714-g005){#F4}

Neuroprotective effects of chronic exercise on rats exposed to lead acetate {#sec2-3}
---------------------------------------------------------------------------

A period of 8 weeks of exercise significantly increased hippocampal brain-derived neurotrophic factor levels (76%) compared with the lead acetate group, and (51%) compared with the sham group (not significant), and was also associated with a significant increase in plasma total antioxidant capacity level (47% and 7%, respectively), compared with the lead acetate and sham groups (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Chronic exercise training decreased the malondialdehyde level in the hippocampus (17%, not significant), and significantly in the plasma (60%) compared with the lead acetate group. Whereas, chronic exercise training increased hippocampal malondialdehyde level (32%) and also reduced plasma malondialdehyde level (31%) compared with the sham group (not significant; Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}).

Effect of acute endurance exercise on rats exposed to lead acetate {#sec2-4}
------------------------------------------------------------------

Brain-derived neurotrophic factor levels in the hippocampus increased non-significantly after acute endurance exercise alone and combined with chronic exercise (17% and 38%, respectively) compared with the lead acetate group, and with acute exercise combined with chronic exercise (18%) compared with the sham group, while there was no change after acute exercise compared with the sham group ([Figure 1](#F1){ref-type="fig"}). Both acute exercise protocols reduced plasma total antioxidant capacity significantly (26% and 38%) compared with the sham group, however, only the acute exercise combined with chronic exercise group had a significant decrease in antioxidant level (total antioxidant capacity) compared with the lead acetate group. Acute exercise increased total antioxidant capacity in plasma insignificantly (1.5%) ([Figure 2](#F2){ref-type="fig"}).

Acute endurance exercise alone and combined with chronic exercise was associated with a non-significant decrease in hippocampal malondialdehyde content (30% and 31%, respectively), compared with the lead acetate group, but an increase in plasma malondialdehyde (17% and 62%, respectively) (Figures [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}). Acute exercise combined with chronic exercise significantly increased plasma malondialdehyde level. Acute endurance exercise alone and combined with chronic exercise increased hippocampal malondialdehyde content non-significantly (12% and 9%, respectively) and plasma malondialdehyde, significantly (101% and 178%, respectively) compared with the sham group (Figures [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}).

DISCUSSION {#sec1-3}
==========

Chronic exercise and acute exercise are two totally different exercise paradigms. Our results indicate that a single bout of acute exercise or acute exercise with previous experience of 8-week moderate exercise training leads to a lowered induction of hippocampal brain-derived neurotrophic factor in rats exposed to lead acetate compared with chronic exercise.

In addition to enhancing hippocampal brain-derived neurotrophic factor, chronic and acute exercise increased total antioxidant capacity levels, while acute exercise combined with chronic exercise decreased plasma total antioxidant capacity levels. In contrast, hippocampal malondialdehyde level was decreased after three types of exercise training whereas only chronic exercise reduced plasma malondialdehyde level in rats exposed to lead acetate.

A previous study has shown that chronic exposure to lead, a pervasive environmental pollutant, impairs synaptic plasticity in the form of long-term potentiation and cognitive function in experimental animals\[[@ref1]\]. Several mechanisms including cholinergic dysfunction, glutamate receptor alterations, impaired antioxidant defense enzymes in the brain, and enhanced oxidative stress have been suggested to be causative factors of lead neurotoxicity\[[@ref24]\]. There may be two independent sources of lead-induced oxidative damage; the first is the pro-oxidative effect of δ-aminolevulinic acid (δ-ALA), and the second is connected with the direct effect of lead on membrane lipids\[[@ref5]\]. The depletion of glutathione and protein bound sulfhydryl groups, and changes in the activity of various antioxidant enzymes indicative of lipid peroxidation have been implicated in lead-induced oxidative tissue damage\[[@ref5]\]. Lipid peroxidation appears to be markedly enhanced in the brain of lead-treated rats\[[@ref25]\], which concurs with our findings of decreased production of total antioxidant capacity and increased malondialdehyde.

The ability of specific aspects of lifestyle, such as exercise and other factors, to modulate mental function is becoming increasingly recognized. In the present study, rats were subjected to both acute and chronic exercise protocols and were chronically exposed to lead acetate. Theoretically, exercise may cause oxidative stress in the brain. First, exercise enhances brain dopamine synthesis. Dopamine may form reactive oxygen species through either dopamine metabolism by monoamine oxidase or autoxidation. Second, exercise leads to increased serum glucocorticoid levels. Corticosterone increases the toxicity of oxygen radical generators, the basal level of reactive oxygen species, and may alter antioxidant enzyme activities in the brain\[[@ref7]\].

The results suggest a positive correlation between physical fitness and cognitive function\[[@ref26]\]. Moreover, acute exercise leads to improvements in performance of a hippocampal-based cognitive task, which may be related to a concomitant increase in circulating brain-derived neurotrophic factor concentration\[[@ref22]\]. Although, chronic voluntary physical activity has been shown to enhance hippocampal brain-derived neurotrophic factor expression in animals exposed to lead acetate, It has also been shown that minimally stressful low-intensity exercise results in hippocampal activation and brain-derived neurotrophic factor expression; lending support to the idea that mild exercise can yield greater benefits in hippocampal function compared with more strenuous forms of exercise\[[@ref22]\]. In this study, it is interesting to note that repetitive exercise increased brain-derived neurotrophic factor protein levels to a greater extent than did a single bout of exercise\[[@ref19]\]. This observation suggests that upregulation of brain-derived neurotrophic factor expression depends on exercise intensity or duration. However, it has been shown that both acute moderate and severe exercise increases brain-derived neurotrophic factor protein content in the hippocampus\[[@ref22]\]. Acute submaximal aerobic exercise is an external stimulus, which can stimulate the brain-derived neurotrophic factor gene to increase brain-derived neurotrophic factor protein levels by stimulating cholinergic neurons via the septo- hippocampal axis\[[@ref11]\]. Rojas Vegaa *et al*\[[@ref9]\] reported that exercise to exhaustion induced an elevation of brain-derived neurotrophic factor peaking at cessation of exercise, followed by a fast return to baseline level post-exercise.

It is now understood that the action of exercise on the brain-derived neurotrophic factor system modulates the function of intracellular signaling systems such as calcium-calmodulin kinase II and mitogen-activated protein kinase, with endpoint effects on the production and function of cAMP response element binding protein\[[@ref27]\]. Enhanced learning after chronic activity wheel running has also been accompanied by decreases in extracellular amyloid plaques and proteolytic fragments of amyloid precursor protein in a transgenic mouse model of Alzheimer\'s disease\[[@ref27]\].

In the present report, we also measured indices of oxidative stress, thiobarbituric acid reactive substances as a marker of lipid peroxidation and total antioxidant capacity as an indicator of overall antioxidant capacity of the serum. It is well known that different forms of exercise result in different levels of oxidative stress. Studies also support the idea that chronic exercise has dual effects: chronic exercise results in oxidant formation and oxidative stress and, perhaps as a consequence, induces antioxidant enzymes and antioxidant synthesis that minimize the effects of oxidants\[[@ref22]\]. Changes due to exercise are subtle, suggesting that there are active stress-strain relationships between oxidant formation and scavenging during exercise\[[@ref22]\]. Davies *et al*\[[@ref28]\] showed that exhaustive exercise causes an increase in free radicals and thiobarbituric acid reactive substances, suggesting that endurance training induces free radical damage. The rate of free radical or oxidant generation in biological tissue is closely related to oxygen consumption indicating a possible beneficial effect of chronic exercise on brain function. Exhausting aerobic exercise increases oxygen demand 10--15 fold compared with rest, resulting in increased oxygen consumption, increased oxygen cell uptake, and increased flow in the electron transport chain\[[@ref29]\]. Previously, we have shown that both acute and chronic exercise decreases malondialdehyde level in the hippocampus, indicating a possible beneficial effect of chronic exercise\[[@ref22]\]. Acute exercise increases serum malondialdehyde level, which supports the hypothesis of the involvement of oxidative stress in tissues by acute exercise. In contrast to results reported by Liu and colleagues\[[@ref22]\], we showed that effect of acute exercise on malondialdehyde level was greater compared with chronic exercise.

However, the initiation of oxidative damage can be reversed by the stimulation of antioxidants, by maintaining an adequate concentration of intracellular antioxidants, and by endogenous repair systems\[[@ref22]\]. Antioxidant status varied in direction and magnitude according to different kinds of exercise\[[@ref22]\], and there was a significant difference between the acutely exercised and chronically exercised rats. In our study, chronic exercise caused a significant increase in the levels of plasma total antioxidant capacity, although, acute endurance exercise alone and combined with chronic exercise did not have such effects and caused little increase or a significant decrease in serum total antioxidant capacity levels. An increase in the levels of antioxidants leads to the scavenging of excess reactive oxygen species and thereby may contribute to a decrease in brain oxidative damage\[[@ref22]\].

The most important effect of exercise on the body is the adaptation process. As a stressor, a single bout of exercise has the capability to induce adaptation. Chronic stressors could be very dangerous since the resting period, which is obligatory for recovery and an efficient stress response, is missing\[[@ref30]\]. The effects of acute exercise on oxidative stress have been reported to be dependent on the type of exercise, which strongly implies that chronic exercise with different characteristics might provoke different adaptations in the redox system\[[@ref29][@ref30]\]. Results of our study revealed that 8 weeks of endurance training before acute exercise cannot improve oxidative/antioxidative balance, and can even exacerbate the trend caused by acute exercise. Overtraining or excessive exercise, at the other end point of the hormesis curve, enhances the risk of disease and jeopardizes health. Exercise can increase the generation of reactive oxygen species\[[@ref29][@ref30]\] likely through mechanisms such as acidosis, catecholamine oxidation, and xanthine oxidase activation\[[@ref29]\]. This is especially true for single bouts of exercise\[[@ref30]\]. Oxidative damage to lipids, proteins, and DNA as a consequence of increased reactive oxygen species levels have been reported following single bouts of exercise\[[@ref30]\]. There is ample evidence to suggest that regular exercise increases the activity of antioxidant enzymes, and increased levels of reactive oxygen species appear to be necessary during the exercise session\[[@ref30]\]. In addition to the first line of antioxidant enzymes, the second line, the oxidative damage repair systems, are important to minimize the dangerous effects of reactive oxygen species. It is our view that reactive oxygen species-generating effects of exercise are very important, because this process can initiate adaptive processes, which result in lower base levels of reactive oxygen species, increased activity of antioxidant and damage repair enzymes, and lower levels of oxidative damage. This reactive oxygen species mediated adaptation could be a mechanism by which exercise decreases the incidence of reactive oxygen species-associated diseases, including Alzheimer\'s disease\[[@ref30]\].

In summary, our results demonstrated that the brain is responsive to both acute and chronic exercise. Overall, exercise increases brain health in addition to body health, and represents an exciting lifestyle intervention technique to improve brain plasticity, function, and resistance to neurodegenerative diseases induced by air pollutants. Although, it could be concluded from this study that chronic exercise produced benefits more reliably, the different effect of the two training protocols may be partly due to the high oxygen load imposed during acute exercise bouts. Further studies are needed to clarify other mechanisms involved in this process.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-5}
------

A randomized, controlled animal experiment.

Time and setting {#sec2-6}
----------------

This study was performed at the Cell Biology Laboratory, Faculty of Animal Science, Mazandaran University, Iran from November 2009 to September 2010.

Materials {#sec2-7}
---------

The experimental protocol was performed according to guidelines regarding Care and Use of Animals, issued by the American Physiological Society. Forty male Wistar rats, 8 weeks of age, with an initial body weight of 240 ± 20 g, were obtained from the Center of Laboratory Animals at the Pasture Institute of Iran. Rats were raised separately in standard cages (20 cm × 15 cm × 15 cm) made of polycarbonate at the Pasture Institute of Iran, in a large air-conditioned room with a controlled temperature of 22 ± 2°C, 12-hour light-dark cycle, and humidity of 50 ± 5%. The pollutant standard index was in an acceptable range as determined by the Iranian Meteorological Organization. Rats were fed with a standard rat chow (provided by the Pars Institute for Animals and Poultry) with a daily regimen of 10/100 g body weight for each rat. Water was available *ad libitum*.

Methods {#sec2-8}
-------

### Exercise protocol {#sec3-1}

After familiarization with the laboratory environment and running on the rodent treadmill (KN-73, Natsume Ltd., Japan). Rats in the lead acetate group received an intraperitoneal injection of lead acetate\[[@ref31]\] at a concentration of 20 mg/kg in water solution, 3 alternate days weekly for a total of 8 weeks. Rats in the chronic exercise training group, in addition to lead acetate exposure, as in the lead acetate group, were subjected to progressive running exercise for 15--22 m/min for 25--64 minutes, 5 successive days per week for a total of 8 weeks. This protocol started with a running speed of 15 m/min for 25 minutes in the first week, and then gradually increased according to training protocol over 8 weeks to a running speed of 22 m/min for 64 minutes in the last week. Rats in the acute endurance exercise group, in addition to lead acetate exposure, as in the lead acetate group, were made to run on the treadmill at 1.6 km/h until exhaustion, which was defined as the animal touching the electrified grid at the rear of the treadmill 5 times in 2 minutes and then receiving lead acetate administration. The running time varied between 20 and 110 minutes. Rats in the chronic exercise training + acute endurance exercise group received a physical training protocol similar to that in chronic exercise training group, *i.e*., after lead acetate exposure, they were subjected to an acute exercise protocol immediately before death. Rats in sham group received water and ethyl oleate administration.

Lead acetate (Sigma, St. Louis, MO, USA) was solubilized in Milli-Q water. Because a previously reported lead dosing regimen\[[@ref31]\] was shown to cause oxidative stress, a 20 mg/kg lead acetate dose was selected. A mild shock (0.75 mA, 500 ms duration, 0.5 Hz) was delivered through electrified stationary wire loops to motivate the rats to continuously walk on the moving belt (consisting of stationary wire loops), and thus avoid foot shock. The wire loops were activated during all exercise sessions, and an experimenter monitored all treadmill sessions. Rats quickly learned to stay on the belt and avoid shock, except one rat, which would not stay on the moving belt, and thus was quickly removed from the exercise group.

### Sample preparation {#sec3-2}

At 12--14 hours after the last dose of treatment, rats in the acute exercise alone and combined with chronic exercise groups were subjected to the acute training protocol. After 12--14 hours of overnight fastening, rats in all groups were decapitated under anesthesia administered by an intraperitoneal injection of ketamine and xylazine according to the animal guidelines formulated by Tehran Institute of Endocrine and Metabolism of Shahid Beheshti University in Tehran.

Blood samples obtained from the heart were first centrifuged at 3 000 r/min for 15 minutes within 30 minutes after collection, and then stored at --80°C before assay and serum were separated for biochemical estimations of total antioxidant capacity and mitochondrial malondialdehyde. The brains were rapidly removed and the two hemispheres were separated along the midline according to Paxinos and Watson\[[@ref32]\]. The hippocampus from each hemisphere was then micro-dissected and frozen in liquid nitrogen and subsequently stored at --80°C for future analysis.

### Hippocampal brain-derived neurotrophic factor assay {#sec3-3}

For protein extraction, the hippocampus was homogenized in a lysis buffer (18 mL/mg tissue) containing 137 mM NaCl, 20 mM Tris-HCl (pH 8.0), 1% NP40, 10% glycerol, 1 mM phenylmethyl sulfonyl fluoride, leupeptin (1mg/mL), sodium vanadate (0.5 mM), and 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (100 mg/mL)\[[@ref33]\]. Samples were then centrifuged for 3 minutes (14 000 r/min, 3 minutes, 4°C) and supernatant was collected and stored at --80°C. The brain-derived neurotrophic factorprotein level was determined using the brain-derived neurotrophic factorELISA kit (Demeditec Diagnostics GmbH, Kiel, Germany) according to the manufacturer\'s recommendations. Supernatant was diluted in sample buffer and incubated on 96-well flat-bottom plates, previously coated with buffer containing anti-brain-derived neurotrophic factormonoclonal antibody. After blocking, plates were incubated with anti-human brain-derived neurotrophic factor polyclonal antibody for 2 hours and horseradish peroxidase for 1 hour. Then a color reaction with tetraethyl benzedrine was quantified in a plate reader (State Fax-2100, Awareness Technology, USA) at 450 nm. The standard brain-derived neurotrophic factorcurve ranged from 0 to 500 pg/mL\[[@ref33]\].

### Hippocampal and plasma malondialdehyde assay {#sec3-4}

Lipid peroxidation levels in the tissue homogenate were measured with a thiobarbituric acid reaction using the method of Ohkawa *et al*\[[@ref34]\]. Sample homogenates (1 mL) were incubated at 37°C in an oscillating water bath for 1 hour. At the end of the incubation period, 0.5 mL of butylated hydroxytoluene (0.5 mg/mL in absolute ethanol) and 1 mL of trichloroacetic acid (25%) were added. The tubes were sealed and heated for 10 minutes in a boiling water bath to release malondialdehyde (the end product of lipid peroxidation) from proteins. To avoid adsorption of malondialdehyde to insoluble proteins, the samples were cooled to 4°C and centrifuged at 2 000 × *g* for 20 minutes. Following centrifugation, 2 mL of the protein free supernatant was removed from each tube and 0.5 mL of thiobarbituric acid (0.33%) was added to this fraction. All tubes were heated for 1 hour at 95°C in a water bath. After cooling, the thiobarbituric acid-malondialdehyde complexes were extracted with 2 mL of butanol. The light absorbance was read at 532 nm on a spectrophotometer (Jenway6505 UV/VIS, Dunmow, Essex, UK) and malondialdehyde levels were determined from a standard curve that was generated from 1,1,1,3 tetramethoxypropan. Results are represented as nmol/mg tissue\[[@ref35]\]. Additionally, plasma level of malondialdehyde was measured by the thiobarbituric acid method as described above\[[@ref34]\]. The results are represented as nmol/mL.

### Plasma total antioxidant capacity assay {#sec3-5}

Plasma total antioxidant capacity was measured using a commercially available kit (Randox Laboratories, Crumlin, UK) as previously described by Erel *et al*\[[@ref36]\]. In this method, the most potent radical, hydroxyl radical, is produced. First, a ferrous ion solution was mixed with hydrogen peroxide. The sequentially produced radicals such as brown colored dianisidinyl radical cation, produced by the hydroxyl radical, were potent radicals. The antioxidative effect of the sample against the potent free radical was then measured. The assay had excellent precision, which was lower than 3%. The results are expressed in μmol/mL.

### Statistical analysis {#sec3-6}

Statistical analysis was performed using SPSS version 16.0 for Windows (SPSS, Chicago, IL, USA). Results are expressed as mean ± SEM. Data for brain-derived neurotrophic factor and oxidant/antioxidant markers were normally distributed after log transformation. One-way analysis of variance followed by *post hoc* multiple comparison tests was used to compare differences among the groups. The differences were considered statistically significant at *P* \< 0.05.
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